Abstract PD-1-targeted therapy has dramatically changed advanced cancer treatment. However, many questions remain, including specificity of T cells activated by PD-1 therapy and how peripheral blood analysis correlates to effects at tumor sites. In this study, we utilized TCR sequencing to dissect the composition of peripheral blood CD8 T cells activated upon therapy, comparing it with tumor-infiltrating lymphocytes. We report on a nonagenarian melanoma patient who showed a prominent increase in peripheral blood Ki-67 + CD8 T cells following brain stereotactic radiation and anti-PD-1 immunotherapy. Proliferating CD8 T cells exhibited an effector-like phenotype with expression of CD38, HLA-DR and Granzyme B, as well as expression of the positive costimulatory molecules CD28 and CD27. TCR sequencing of peripheral blood CD8 T cells revealed a highly oligoclonal repertoire at baseline with one clonotype accounting for 30%. However, the majority of dominant clones-including a previously identified cytomegalovirus-reactive clone-did not expand following treatment. In contrast, expanding clones were present at low frequencies in the peripheral blood but were enriched in a previously resected liver metastasis. The patient has so far remained recurrence-free for 36 months, and several CD8 T cell clones that expanded after treatment were maintained at elevated levels for at least 8 months. Our data show that even in a nonagenarian individual with oligoclonal expansion of CD8 T cells, we can identify activation of tumor-infiltrating CD8 T cell clones in peripheral blood following anti-PD-1-based immunotherapies.
Introduction
The management of patients with advanced melanoma has improved considerably in the last few years. Agents that block the inhibitory receptor PD-1 (programmed cell death-1) offer higher response rates and improved overall survival outcome for advanced melanoma patients compared to conventional cytotoxic chemotherapy or anti-CTLA-4 (cytotoxic T lymphocyte associated antigen 4) therapy [1] . Recent data show that PD-1 targeted therapy can also benefit patients with resected advanced melanoma in an adjuvant setting [2] . In addition, there is increasing evidence that PD-1 therapy can result in objective responses in patients with brain metastases [3] [4] [5] . Stereotactic radiosurgery (SRS) to brain metastases has 1 3 potentially immunostimulatory effects likely through antigen release from radiated lesions, and how PD-1-targeted therapy can be combined effectively and safely with brain SRS is currently being evaluated in prospective studies [6, 7] .
Despite the success of PD-1 targeted therapies, response rates are seldom above 50% and durable complete responses are rare. Although elderly patients represent most of the cancer diagnoses by age group, the number of elderly patients included in most clinical trials of immune checkpoint inhibitors is rather small and thus the impact of age on the efficacy of PD-1-targeted therapies is controversial [8] [9] [10] . The composition of the CD8 T cell repertoire is dramatically altered with age and infection history, and elderly individuals accumulate expanded CD8 T cell clones, many of those specific for cytomegalovirus (CMV) [11, 12] . Furthermore, the functionality of the adaptive immune system including the ability to efficiently respond to vaccination declines with age [13] . However, how age-related changes in the CD8 T cell compartment affect PD-1-directed immunotherapy and biomarkers of response remains to be addressed.
In this study, we report the successful treatment of a nonagenarian melanoma patient who received anti-PD-1 and brain stereotactic radiation (SRS) therapy and provide a detailed analysis of the elicited CD8 T cell response. Using T cell receptor (TCR)β sequence information derived from formalin-fixed paraffin-embedded (FFPE) samples of a previously resected liver metastasis and sorted peripheral blood CD8 T cells, we identified tumor-infiltrating CD8 T cell clones expanding in the blood in response to therapy. We show that this patient had an oligoclonal repertoire of CD8 T cells in peripheral blood, which is frequently observed in the elderly. The majority of CD8 T cell clones that were found at high frequencies in peripheral blood were also present in the tumor, but at much lower frequencies. Furthermore, high-frequency CD8 T cell clones did not respond to therapy, since there were only minimal changes in the prevalence of the ten most abundant clones in peripheral blood before and after therapy. We show that CD8 T cell clones which expanded in peripheral blood following PD-1 and SRS brain therapy acquired activation markers consistent with effector cell differentiation such as HLA-DR, CD38 and granzyme B, and expressed the positive costimulatory molecules CD28 and CD27, and were more prevalent in tumor than blood. Our findings provide further guidance on strategies to monitor immune responses in patients receiving PD-1 combination therapies, with particular importance for elderly cancer patients.
Materials and methods

Study design
The patient was treated according to a standard of care at Winship Cancer Institute at Emory University Hospital. Sample collection was conducted under a protocol approved by the Institutional Review Board of Emory University. Written informed consent was obtained from the donor for the collection and storage of archived tissue and blood, and permission to review medical records and laboratory data.
Flow cytometry and cell sorting
Peripheral blood samples were collected, processed and stained as previously described [14] . Samples were acquired with a LSR II flow cytometer (BD) and analyzed using Flow Jo software (Tree Star). CD8 T cells were sorted on a BD Aria II cell sorter.
TCR repertoire analysis
DNA was extracted from sorted T cells using the Qiagen AllPrep DNA/RNA Micro Kit. DNA extraction from FFPE slides as well as amplification, library preparation, sequencing and preliminary data processing of all samples was performed at Adaptive Biotechnologies using the immunoSEQ platform (TCRβ survey level). The germline-like score of the TCRβ CDR3 sequences was calculated as described previously [15] .
Immunohistochemistry
Immunohistochemistry (IHC) for T cell markers CD4 and CD8 was performed using a polymer-based detection system with mouse monoclonal antibodies according to the manufacturer's instructions. Positive controls and negative controls with primary antibody replaced by Tris-buffered saline were run with the patient's slides. The percentage of cells showing cytoplasmic CD4 or CD8 labeling was evaluated.
Results
Clinical evaluation
A nonagenarian patient with no history of melanoma was found to have a 1.3 × 1.1 cm liver mass during cardiac MRI in 2015 that was not present on previous abdominal MRI imaging in 2009. This was confirmed by MRI of the abdomen and PET/CT scan, which showed no other disease. About 3 months later, the patient underwent resection of this mass yielding a 1.7 cm epithelioid non-pigmented melanoma with moderate heterogeneous lymphocytic response and evident mitotic activity. No evidence of primary tumor was found upon examination of the skin and eyes. The patient's lactate dehydrogenase was consistently normal. Per 7th edition of the AJCC staging system the patient was staged as having TxN0M1c (or T0N0M1c) Stage IV malignant melanoma. 8 days post surgery, a brain MRI revealed 4 subcentimeter lesions compatible with brain metastases. 16 days post surgery, the patient received the first dose of pembrolizumab (200 mg IV flat dose), an anti-PD-1 blocking antibody, followed the next day by single fraction SRS to all brain lesions. The SRS was well tolerated, and the patient subsequently received eight additional doses of pembrolizumab 3 weeks apart. Pembrolizumab was discontinued because the patient was without evidence of disease and noted to have increasing myalgia, arthralgia, and fatigue. The patient remains alive and with no melanoma recurrence now 36 months since diagnosis.
CD8 T cell activation in peripheral blood after treatment initiation
To study the immunological effects from pembrolizumab and brain SRS treatment, we collected peripheral blood prior to treatment initiation and at each pembrolizumab treatment cycle (Fig. 1a) . We isolated PBMC from peripheral blood and examined T cell proliferation by analyzing Ki-67 expression. We observed a fourfold increase in the frequency of proliferating CD8 T cells following treatment initiation (Fig. 1b, c) . The frequency of CD8 T cells in cell cycle peaked at the first blood draw 21 days after infusion with close to 10% of total CD8 T cells expressing Ki-67. In contrast, the frequency of Ki-67 + CD4 T cells increased only slightly after treatment (Fig. 1b) . Hence, consistent with previous observations in advanced cancer patients in which CD8 T cell responses were best detected in peripheral blood 2-3 weeks after PD-1-targeted therapy initiation [14, 16, 17] , in this melanoma patient with undetectable extracranial metastasis, pembrolizumab and brain SRS treatment resulted in CD8 T cell proliferation in peripheral blood that peaked at about 3 weeks after treatment initiation. Of note, until about 80 days post treatment initiation, the frequency of Ki-67 + CD8 T cells remained elevated compared to baseline levels.
To characterize the CD8 T cells responding to treatment in the peripheral blood, we analyzed several markers associated with effector cell differentiation that we previously detected on responding CD8 T cells induced by blockade of the PD-1 pathway in patients with advanced non-small cell lung cancer (NSCLC) [14] . Consistent with our previous findings in NSCLC, dividing CD8 T cells showed reduced Bcl-2 expression (Fig. 1c) . In addition, the majority of proliferating CD8 T cells upregulated the activation markers HLA-DR and CD38, were negative for CD45RA and CCR7, and co-expressed the positive costimulatory molecules CD28 and CD27 (Fig. 1d) . About 60% of Ki-67 + CD8 T cells also expressed granzyme B, indicative of cytotoxic ability (Fig. 1d) . Finally, about 70% of proliferating CD8 T cells expressed PD-1 [14] . Our data show that in this patient with metastases only detectable in the brain, treatment with pembrolizumab and brain SRS induces activation of CD8 T cells with similar characteristics as CD8 T cells reinvigorated by blockade of the PD-1 pathway in advanced stage melanoma and NSCLC [14, 17] .
Analysis of the TCR repertoire in the liver metastasis
Since the liver metastasis resected before treatment initiation had been preserved, we had the opportunity to characterize tumor-infiltrating T cells. Immunohistochemical analysis showed a heterogeneous pattern of T cell infiltration with highly as well as mildly infiltrated tumor sites (Fig. 2a, b,  Supplementary Fig. 1 ). Both CD4 and CD8 T cells were detectable within and around the tumor, with a 1.13:1 ratio of CD8 to CD4 T cells. We next analyzed the TCR repertoire and clonal diversity of tumor-infiltrating T cells. To assess and account for intra-tumoral heterogeneity we analyzed the TCR repertoire using FFPE slides obtained from three spatially distinct tumor sites. We detected a high degree of similarity between the TCR repertoires sampled from the three tumor sites (Morisita's overlap indices of 0.888-0.953, where 1 indicates complete overlap). Hence, for analysis purposes, we combined the TCR repertoires of the different tumor sites resulting in the identification of 11,086 unique T cell clones (Fig. 2c) . 866 clones were present with at least five copies and accounted for 69% of the productive reads. The ten most prevalent clones comprised 21.6% of T cells present in the tumor with the most prevalent clone accounting for 5.8%. The clonality score, a widely used measure of repertoire diversity which can range from 0 (completely polyclonal) to 1 (monoclonal), was 0.2324. Overall, the liver metastasis presented significant infiltration of CD4 and CD8 T cells and the TCR repertoire analysis indicated expansion of T cell clones, both consistent with a pre-existing antitumor immune response.
TCR repertoire analysis of CD8 T cells in the peripheral blood
Our data show an increase in proliferating CD8 T cells in the peripheral blood upon treatment. To analyze changes in the CD8 T cell repertoire, we performed TCR sequencing of sorted CD8 T cells from the peripheral blood prior to treatment initiation, at the peak of CD8 T cell (Fig. 3a) . TCR analysis revealed oligoclonal expansions: at baseline the most prevalent CD8 T cell clone represented 30% of all CD8 T cells and the 10 most prevalent clones accounted for about 58% of CD8 T cells (Fig. 3b) . The clonality of CD8 T cells is known to increase with age and oligoclonal expansions of CMV-specific CD8 T cells have been previously reported [12] . Of note, the third most prevalent clone with a frequency of 5.1% prior to treatment initiation had been previously identified to recognize the CMV-derived epitope pp65 265−275 [18] . Interestingly, only one of the ten most prevalent clones increased at least 1.5-fold in frequency at the peak of the CD8 T cell response, whereas the remaining clones-including the CMV-reactive clone-remained stable or decreased in frequency (Fig. 3c) . The sole expanding clone among the ten most prevalent clones, represented 3% of CD8 T cells prior to treatment initiation and increased to about 4.7% at the peak of CD8 T cell proliferation and returned to about 2.5% post treatment (Fig. 3c, in red) . In summary, our data show that this melanoma patient presented a striking oligoclonal peripheral blood CD8 T cell repertoire. However, the majority of dominant clones did not respond to treatment with pembrolizumab and brain SRS.
Identification and tracking of tumor-infiltrating CD8 T cell clones in peripheral blood
To address whether tumor-infiltrating T cell clones identified in the liver metastasis could be detected in the peripheral blood and whether these clones were expanding upon treatment, we combined the TCR sequence information obtained from FFPE tumor tissue and from peripheral blood CD8 T cells. Since expanded T cell clones infiltrating the tumor are more likely to be tumor-specific [19] , we focused our analysis on the 866 most abundant tumor-derived T cell clones accounting for 69% of productive reads (Fig. 2c) .
131 of the 866 most abundant tumor-infiltrating T cell clones could be identified among peripheral blood CD8 T cells. The remaining tumor-infiltrating T cell clones are likely to be predominantly CD4 T cells and also some CD8 T cell clones either not present in the blood or present at low frequencies below our limit of detection. We next tracked tumor-infiltrating CD8 T cell clones in the peripheral blood and analyzed changes in frequency in response to treatment. Whereas the majority of tumor-infiltrating CD8 T clones either remained stable or decreased in frequency, 36 tumorinfiltrating CD8 T cell clones increased in frequency at least 1.5-fold when we compared baseline to day 21 post treatment initiation (Fig. 4a) . Even 8 months after treatment initiation, the frequencies of many expanding tumor-infiltrating We next compared the frequency of the expanding and the non-expanding tumor-infiltrating CD8 T cell clones in the resected tumor and in peripheral blood prior to treatment initiation. To calculate the blood/tumor ratio of individual CD8 T cell clones, the frequencies of FFPE-derived sequences were multiplied by a factor of 2 to account for the equivalent presence of CD4 and CD8 T cells in the resected liver metastasis (Fig. 2a) and the fact that TCR sequencing cannot distinguish between CD4 and CD8 subsets. Overall, expanding tumor-infiltrating clones were present at comparable or higher frequencies in the tumor compared to the peripheral blood (ratio of blood/tumor ≤ 1), whereas non-expanding clones tended to be overrepresented in the peripheral blood (ratio of blood/tumor > 1) (Fig. 4b) . In this patient with an oligoclonal CD8 T cell repertoire, this analysis was particularly revealing: The ten most prevalent peripheral blood CD8 T cell clones could also be found in the tumor but were 10-100-fold more prominent in the blood compared to the tumor suggesting that these blood-enriched clones might not be tumor-specific (Fig. 4c) . For example, the third most prevalent clone, previously identified to recognize the CMVderived pp65 265−275 epitope, was present in the tumor but at about 14-fold lower frequency compared to the peripheral blood. These data not only support the notion that T cell clones irrespective of their specificity can be found in the tumor [20, 21] , but also suggest that clones more prevalent in the blood than tumor are less likely to be tumor-specific.
Of note, we did not detect any significant differences in CDR3 length or germline likeness between expanding and non-expanding tumor-infiltrating CD8 T cell clones even when blood-enriched clones were filtered out (Supplementary Fig. 2 ). Our data suggest that applying a blood/tumor ratio cut-off may help to reduce the number of non-tumorspecific CD8 T cell clones, especially in situations of oligoclonal expansions as frequently observed in the elderly.
Tumor-infiltrating expanding CD8 T clones in peripheral blood are more likely to have an activated phenotype after pembrolizumab
Our phenotypic analysis showed the highest proliferation of peripheral blood CD8 T cells at the first blood draw post treatment (3 weeks after treatment initiation). The majority of proliferating CD8 T cells expressed high levels of the activation markers HLA-DR and CD38 (Fig. 1d, Supplementary Fig. 3a) . CD8 T cells responding to the therapy defined either by Ki-67 or HLA-DR/CD38 expression appeared similar with regards to the expression of CD45RA and PD-1 ( Supplementary Fig. 3b ). To address how phenotypic changes observed following treatment initiation in peripheral blood CD8 T cells are related to immune responses against the tumor, we examined the TCR repertoire of CD8 T cells expressing the activation markers HLA-DR and CD38. High PD-1 expression has been previously shown to enrich for tumor-specific CD8 T cells in the peripheral blood of melanoma patients [19] . Therefore, we purified activated HLA-DR/CD38 + and non-activated HLA-DR/CD38 neg CD8 T cells at the peak of CD8 T cell proliferation, and further separated those populations according to PD-1 expression level for TCR repertoire analysis (Fig. 4d) . About 70% of CD8 T cells expressed high levels of PD-1 and about 25% expressed low to undetectable levels of PD-1 in both activated as well as non-activated CD8 T cell subsets. Tumor-infiltrating expanding CD8 T cell clones were highly enriched among activated CD8 T cells and accounted for about 38 and 57% of the PD-1 hi and PD-1 lo subsets, respectively (Fig. 4e) . The frequency of tumor-infiltrating expanding CD8 T cell clones was about 3-4-fold higher in activated CD8 T cells compared to total CD8 T cells. In contrast, tumor-infiltrating expanding CD8 T cell clones comprised a lower proportion of non-activated CD8 T cells compared to total CD8 T cells. Thus, tumor-infiltrating expanding CD8 T cell clones are highly enriched among activated CD8 T cells found in the peripheral blood following treatment initiation. Interestingly, PD-1 expression did not further increase the enrichment for tumor-infiltrating expanding CD8 T cell clones among HLA-DR/CD38 + CD8 T cells. However, we observed significant clonal overlap between the TCR repertoires of the analyzed CD8 T cell subsets. For example, most tumor-infiltrating expanding CD8 T cell clones present among activated CD8 T cells were found in both PD-1 hi and PD-1 lo subsets, and could even be detected among non-activated CD8 T cells, although at much lower frequencies (Fig. 4f and data not shown).
Discussion
For this nonagenarian patient, we have shown that brain SRS and anti-PD-1 therapy resulted in activation of CD8 T cells in peripheral blood. The kinetics of the CD8 T cell response and the phenotype of the activated T cells were consistent with other studies of PD-1-targeted therapy in advanced melanoma and NSCLC [14, 17] . These data show that similar peripheral blood analyses can be used to monitor T cell responses in a broad range of cancer types, stages and treatments.
TCR repertoire analysis of CD8 T cells in the peripheral blood showed that before treatment initiation this melanoma patient had an oligoclonal CD8 T cell repertoire. Oligoclonal CD8 T cell expansions have been reported to occur in the elderly and CMV has been implicated as a major contributing factor [12] . Interestingly, 9 out of the 10 most prevalent clones including a CMV-reactive clone did not expand upon treatment initiation. We reported previously that EBV-specific CD8 T cells were not activated by PD-1-targeted therapy in advanced NSCLC patients [14] . These data suggest that PD-1-targeted therapies do not indiscriminately expand CD8 T cells and that CD8 T cells specific to latent viruses may not be affected by blockade of the PD-1 pathway.
We show that tumor-infiltrating CD8 T cell clones that expanded in peripheral blood following treatment initiation were enriched among CD8 T cells with an activated phenotype at the peak of the response. Overall, responding CD8 T cell clones were present at very low frequencies in the blood prior to treatment initiation and at least as prevalent in the tumor as in the blood, whereas non-responding clones were more prevalent in blood than tumor. We thus propose that comparing the frequency in tumor and blood will be helpful for future studies using TCRβ sequencing to study T cell responses in cancer patients. This analysis will be important to avoid blood contaminants or T cells recruited by bystander activation, and may be especially relevant when patients have CD8 oligoclonal expansion, as it is commonly observed in the elderly population.
Synchronous melanoma metastases may have unique neoantigens and TCR clones [22] . It is thus likely that T cells infiltrating the melanoma brain lesions of this patient possessed a slightly different TCR repertoire compared to T cells present in the resected liver metastasis. Hence, our findings that potential tumor-specific CD8 T cells enriched in the resected liver metastasis accounted for about 34% of the PD-1 hi and 57% of the PD-1 lo -activated CD8 T cells in peripheral blood may actually be an underestimation of tumor-specific clones responding to PD-1 therapy.
It is important to note that we observed a high overlap between the repertoire of PD-1 hi and PD-1 lo CD8 T cells, and that clones were even shared between activated and non-activated CD8 T cells at the same time point. These data show that CD8 T cells with a particular specificity can display distinct differentiation and activation states within the same individual. CD8 T cells undergo dynamic changes, especially during T cell activation. PD-1 expression is controlled by antigen levels [23, 24] , and some CD8 T cells with an activated phenotype may assume a PD-1 neg/lo phenotype when T cells cease to receive cognate antigen signalswhich may be particularly likely when cognate antigen levels are not high. Therefore, even though PD-1 expression can help identify tumor-specific CD8 T cells in the tumor as well as in the peripheral blood of patients with advanced disease, PD-1 expression is expected to be more variable in patients with low tumor burden, such as the melanoma patient described here. This is an important principle that would need to be taken into account, for example in studies of anti-PD-1 as adjuvant therapy.
Following SRS and anti-PD-1 therapy, this melanoma patient has remained disease free for 36 months. The immunological response observed in the peripheral blood of this patient was comparable to advanced melanoma and NSCLC patients undergoing single-agent PD-1-targeted therapies [14, 17] suggesting that anti-PD-1 therapy most likely was the main driver of the observed immunological response. However, the SRS itself was most likely curative for the treated brain lesions. The combination of SRS and anti-PD-1 therapy has shown clinical benefit in retrospective studies [25] , however, we can only speculate about potential synergistic effects of SRS and anti-PD-1 therapy preventing recurrence in this patient. Our data warrant larger prospective studies on SRS and anti-PD-1 therapy with immunological monitoring in peripheral blood as well as further evaluation of anti-PD-1 therapy as adjuvant therapy, including patients undergoing brain SRS.
